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Substantial evidence implicates the ubiquitin-conju-
gating enzyme E2C (UBE2C) gene, in several human
cancers, including colorectal carcinoma (CRC). We
therefore investigated the prognostic value of UBE2C
alterations in CRC and UBE2C signaling in CRC cell
lines. UBE2C protein expression and UBE2C gene
copy number were evaluated on clinical samples by
immunohistochemistry and fluorescence in situ hy-
bridization in a TMA format. The effect of the protea-
some inhibitor bortezomib and small-interfering RNA
knockdown was assessed by apoptotic assays and im-
munoblotting. UBE2C dysregulation was associated
with proliferative marker Ki-67, accumulation of cy-
clin A and B1, and a poor overall survival. UBE2C
expression was an independent prognostic marker
in early-stage (I and II) CRC. UBE2C depletion re-
sulted in suppression of cellular growth and accu-
mulation of cyclin A and B1. In vitro, bortezomib
treatment of CRC cells caused inhibition of cell vi-
ability via down-regulation of UBE2C. UBE2C knock-
down by bortezomib or transfection with specific
small-interfering RNA against UBE2C also caused
cells to be arrested at the G2/M level, leading to
accumulation of cyclin A and cyclin B1. In vivo, a
significant reduction in tumor volume and weight
was noted in mice treated with a combination of sub-
toxic doses of oxaliplatin and bortezomib compared
with treatment with oxaliplatin or bortezomib alone.

Altogether, our results suggest that UBE2C and the ubiq-
uitin-proteasome pathway may be potential targets for
therapeutic intervention in CRC. (Am J Pathol 2011, 178:
2109–2120; DOI: 10.1016/j.ajpath.2011.01.034)

Although colorectal cancer (CRC) is a major cause of
mortality and morbidity worldwide, various therapeutic
modalities followed in clinical practice are not life saving.
More recently, advances in understanding of tumor biol-
ogy have led to the development of targeted therapies,1

allowing progress in the treatment of CRC.2

The ubiquitin proteasome system is important for the
orchestration of several important cell cycle events, such
as proteolysis of cyclin-dependent kinase and their inhib-
itors.3,4 Proper cell cycle progression is orchestrated by
the controlled oscillation of a series of cell cycle events.
Deregulation of appropriate cell cycle control often re-
sults in chromosomal instability, which is a potential trig-
ger for the initiation of cancer.5 In this system, substrate
molecules are regulated for degradation by ubiquitin-
activating enzyme (E1), ubiquitin-conjugating enzyme
(E2), and E3 ligase. The ubiquitin-conjugating enzyme
E2C (UBE2C), also known as UBCH10, along with the E3
ligase of the anaphase-promoting complex catalyze the
ubiquitination of mitotic cyclins A and B1, as well as
securin.3,6 UBE2C is essential for cell cycle progression,
and mutation of its active site cysteine confers a domi-
nant-negative phenotype.3,6 Overexpression of UBE2C
at the mRNA level has been reported in a number of
cancer cell lines and primary tumors, whereas only low
levels were found in normal tissues.7 The oncogenic role
of UBE2C is also reported in thyroid,8 ovarian,9 esopha-
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geal,10 breast,11 lung,12 liver,13 and brain14 tumors.
Takahashi et al15 suggest that overexpression of UBE2C
may play an important role in advanced colon cancer
with liver metastases and that this overexpression may be
a result of chromosomal amplification at the UBE2C lo-
cus, 20q13.1.

Considering the ubiquitous expression of UBE2C in
various cancers,8–13 it may be beneficial to target UBE2C
in these cancers by specific inhibitors. In a recent study16

using CRC cell lines, depletion of UBE2C resulted in
suppression of cellular growth, whereas overexpression
of UBE2C promoted cell proliferation and oncogenic cel-
lular growth. Although no specific UBE2C inhibitors are
currently available for clinical use, proteasome inhibitors
form a novel class of chemotherapeutic agents that lead
to cell cycle arrest and cell death. Bortezomib is a spe-
cific reversible inhibitor of proteasome function that is
crucial for protein degradation17 and has been approved
by the US Food and Drug Administration for therapy for
multiple myeloma.18 Earlier studies by other groups, in-
cluding our laboratory, have shown that SCF-SKP2 ubiq-
uitin proteasome pathway alterations in tumors is a ubiq-
uitous phenomenon and is present in various tumors,
such as CRC, ovarian carcinomas, and diffuse large B-
cell lymphomas.19–21 Bortezomib is a potential therapeu-
tic agent in a subset of such tumors that show dysregu-
lation in SCF-SKP2 ubiquitin proteasome pathway.19,22

However, to date no experimental evidence exists as
to whether bortezomib can be used in CRC that ex-
presses alteration in UBE2C. Therefore, in this study, we
first investigated the role of UBE2C dysregulation in Mid-
dle Eastern patients with CRC. To elucidate the utility of
UBE2C as a potential therapeutic target, we studied the
efficacy of the proteasome inhibitor bortezomib and
small-interfering (siRNA) knockdown of the UBE2C gene
to induce cell cycle arrest and apoptosis in CRC cells by
in vivo and in vitro analysis.

Materials and Methods

Patient Selection and TMA Construction

A total of 448 patients with CRC diagnosed between 1990
and 2006 were selected from King Faisal Specialist Hos-
pital and Research Centre. Samples from all 448 CRC, 24
adenoma, and 229 adjacent normal colorectal mucosa
patients were analyzed in a TMA format as described
previously.23 Clinical and histopathologic data were
available for all these patients. Colorectal Unit, Depart-
ment of Surgery, provided long-term follow-up data. Two
pathologists (P.B., K.S.A-K.) reviewed all tumors for
grade and histologic subtype. The institutional review
board of the King Faisal Specialist Hospital and Research
Centre approved the study.

Immunohistochemistry

TMA slides were processed and stained manually as
described earlier. Primary antibodies used and their di-
lutions are listed in Supplemental Table S1 (available at

http://ajp.amjpathol.org). UBE2C expression was catego-
rized by assigning an H score.24 Each TMA spot was
assigned an intensity score from 0 to 3 (I0, I1–3), and the
proportion of the tumor staining for that intensity was
recorded as 5% increments from a range of 0 to 100 (P0,
P1–3). A final H score (range, 0 to 300) was obtained by
adding the sum of scores obtained for each intensity and
proportion of area stained. X-tile plots were constructed
for assessment of biomarker and optimization of cutoff
points based on outcome as has been described ear-
lier.25–27 CRCs were grouped into two groups based on
X-tile plots: one with complete absence or reduced stain-
ing (H score � 0 to 40) and the other with UBE2C ex-
pression (H score �110), depending on the H score.
Similarly, X-tile plots were used to stratify the CRC cases
into two groups for cyclin A and cyclin B1. Two patholo-
gists (P.B. and K.S.A.) performed all immunohistochem-
istry (IHC) scoring independently and blindly.

FISH

Fluorescence in situ hybridization (FISH) analysis was
performed on 4-�m TMA sections for the detection of
UBE2C copy number changes as previously reported.28

For the study of UBE2C amplification, we used the bac-
terial artificial chromosome clone RP3-447F3, from Chil-
dren’s Hospital Oakland Research Institute (Oakland,
CA). A UBE2C/centromere 20 ratio of 1.0 was considered
normal, a ratio between 1.0 and 2.0 was considered as
having UBE2C gains, and a ratio of �2.0 was considered
as amplified. A minimum of 20 cells with both the centro-
meric and UBE2C gene signals were scored to give con-
clusive data.

Statistical Analysis

The JMP8 (SAS Institute Inc., Cary, NC) software pack-
age was used for data analyses. Survival curves were
generated using the Kaplan-Meier method, with signifi-
cance evaluated using the Mantel-Cox log-rank test. Risk
ratio was calculated using the Cox proportional hazard
model in both univariate and multivariate analyses. �2

tests were used to examine the relationship among nom-
inal variables. The limit of significance for all analyses
was defined as P � 0.05.

Cell Culture

CRC cell lines Colo-320, HCT-15, and SW-480 were cul-
tured as described previously.21 Cell lines were cultured
in RPMI 1640 medium supplemented with 10% (vol/vol)
fetal bovine serum, 100 U/mL of penicillin, and 100 U/mL
of streptomycin at 37°C in humidified atmosphere con-
taining 5% CO2. All experiments were performed in RPMI
1640 containing 5% serum.

Cell Cycle Analysis and Annexin V Staining

Colo-320 cell line was treated with different agents and
siRNA as described in the figure legends. For cell cycle

analysis, cells were washed once with PBS and resus-
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pended in 500 �L of hypotonic staining buffer and ana-
lyzed by flow cytometry as described previously.19 For
detection of apoptosis, cells were harvested and per-
centage apoptosis was measured by flow cytometry after
staining with fluorescein-conjugated annexin V and pro-
pidium iodide (PI) (Molecular Probes, Eugene, OR).

Gene Silencing Using UBE2C siRNA

UBE2C siRNA and scrambled control siRNA (Dharmacon,
Lafayette, CO) transfected into cell lines by using Lipo-
fectAMINE 2000 reagent (Invitrogen, Carlsbad, CA) ac-
cording to the manufacturer’s instructions as described pre-
viously.29

Real-Time RT-PCR

Total RNA was extracted and reverse transcribed, and
real-time PCR was performed using the LightCycler 2.0
instrument (Roche, Mannheim, Germany) and the Light-
erCycler FastStart DNA Master SYBR Green I kit (Roche)
as described previously.30 The primer pair used for
UBE2C was forward 5=-CTGCCGAGCTCTGGAA-
AAAC-3= and reverse 5=-AGGAAAAATTAAAAAGACGA-
CACAAG-3=. The glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) gene was used as the internal control.
The forward primer of GAPDH was 5=-CGGGAA-
GCTTGTCATCAATGG-3=, and the reverse primer of
GAPDH was 5=-CATGGTTCACACCCATGACG-3=. A
standard curve was generated with series of dilutions from
a reference cDNA converted from total RNA using the Su-
perscript II kit. PCR amplification consisted of 50 cycles
(95°C for 10 seconds, 61°C for 10 seconds, and 72°C for 15
seconds) after the initial denaturation step (95°C for 10
minutes). Expression levels of the UBE2C gene was based
on the amount of the target message relative to the GAPDH
control to normalize the initial input of total RNA.

MTT Assay

Cell viability was assessed with the MTT assay. All ex-
periments using UBE2C and scrambled control siRNA
were performed in triplicate. Cells were allowed to grow
for 24, 48, and 72 hours. Cell viability was determined by
MTT assays, as previously described.29

In Vivo Tumor Xenograft Studies

Six-week-old nude mice were obtained from Jackson
Laboratories (Bar Harbor, ME) and maintained in a patho-
gen-free animal facility at least one week before use. All
animal studies were performed in accordance with insti-

Figure 1. TMA-based IHC analysis of UBE2C in
normal colonic mucosa (A) and CRC (B). UBE2C
FISH analysis shows normal copy number in nor-
mal colonic mucosa (C) and UBE2C gene ampli-
fication in CRC (D). A progressive increase in
IHC expression levels (E) is seen along with
increases in UBE2C gene copy number (F) in
normal colonic mucosa, adenomas, and CRCs
(20�/0.70 objective on an Olympus BX 51 mi-
croscope; Olympus America Inc, Center Valley,
PA; with the inset showing a 40�/0.85 aperture
magnified view of the same for Figure 1, A, B,
and C). Tissue samples were classified with a
UBE2C/centromere 20 ratio of 1.0 as normal,
between 1.0 and 2.0 as having UBE2C gains, and
�2.0 as amplified. A minimum of 20 cells with
both the centromeric and UBE2C gene signals
were scored to give conclusive data. Box plot
charts indicate the mean and SD of UBE2C IHC
expression in 3 groups: adjacent normal colorec-
tal mucosa, adenomas, and CRCs. With the use of
Student’s t-test, the expression of UBE2C in colo-
rectal adenomas (96.82 � 40.52) and CRCs
(109.37 � 59.65) was significantly higher than
normal colon (64.80 � 37.41; P � 0.0015 and P
� 0.0001, respectively) (E). Similarly, the UBE2C
gene copy number in colorectal adenomas (2.86 �
1.39) and CRCs (3.26 � 2.47) was significantly
higher than normal colon (2.10 � 0.50; P � 0.0223
and P � 0.0001, respectively) (F).
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tutional guidelines as described previously.29 For xeno-
graft study, mice were inoculated subcutaneously into
the right abdominal quadrant with 5 million Colo-320 cells
in 200 �L of PBS. After 1 week, mice were randomly
assigned to four groups: bortezomib (0.5 mg/kg), oxali-
platin (5 mg/kg), a combination of bortezomib and oxali-
platin, or 0.9% saline (vehicle). Bortezomib (Velcade) was
a gift from Millennium Pharmaceuticals, Inc. Treatment with
bortezomib and oxaliplatin was given intraperitoneally twice
weekly. The control group received the vehicle alone at the
same schedule. The body weight of each mouse was mon-
itored weekly, and tumor volume was measured as de-
scribed previously.19 After 4 weeks of treatment, mice were
sacrificed and individual tumors were snap-frozen in liquid
nitrogen for storage. Cell lysates were prepared from each
tumor, and Western blot assays were performed to deter-
mine the status of various proteins.

Results

UBE2C Expression, Gene Amplification, and
Colorectal Carcinogenesis

UBE2C expression was significantly higher in both colo-
rectal adenomas (96.82 � 40.52; P � 0.0015) and carci-
noma (109.37 � 59.65; P � 0.0001; Figure 1, A, B, and E)
compared with normal colorectal mucosa (64.80 �

Table 1. Correlation of UBE2C Copy Number with Clinicopathol

Total no. (%) H

Total no. of cases 351
Age

�50 years 115 (32.8)
�50 years 236 (67.2)

Sex
Male 170 (48.4)
Female 181 (51.6)

Tumor site
Descending colon 292 (83.2)
Ascending colon 59 (16.8)

Histologic type
Adenocarcinoma 305 (86.9)
Mucinous carcinoma 46 (13.1)

Tumor stage
I 44 (13.2)
II 112 (33.5)
III 137 (41.0)
IV 41 (12.3)

Differentiation
Well 27 (7.7)
Moderate 261 (74.4)
Poor 63 (17.9)

Cyclin A*
High expression 276 (81.2)
Low expression 64 (18.8)

Cyclin B1*
High expression 298 (87.4)
Low expression 43 (12.6)

Ki-67*
High expression 293 (85.9)
Low expression 48 (14.1)
5-year overall survival, %

*Analysis failure of some IHC markers was attributed to missing or no
37.40). However, there was no difference in expression
between colorectal adenomas and carcinoma (P �
0.1839; Figure 1E). The mean copy number of the UBE2C
gene was significantly higher in both colorectal adeno-
mas (2.86 � 1.39; P � 0.0223) and carcinoma (3.26 �
2.47; P � 0.0001) compared with normal colorectal mu-
cosa (2.10 � 0.50; Figure 1, C, D, and F). There was no
difference in UBE2C copy number in CRC compared with
colorectal adenoma (P � 0.2320). These findings sug-
gest that dysregulation in the UBE2C pathway is an early
event in colorectal carcinogenesis.

UBE2C Expression, Gene Amplification, and
Association with Clinicopathologic Parameters

UBE2C expression was observed in 161 (45.9%) of 351
of the CRC samples (Table 1). The incidences of UBE2C
gene amplification, gain, and normal samples were
30.7% (114/371), 6.9% (22/317), and 63.4% (235/371),
respectively (Table 2). Gene amplification in a few repre-
sentative normal and tumor samples was validated by
quantitative real-time PCR assay as described previously
(see Supplemental Figure S1 at http://ajp.amjpathol.org).
Good correlation was observed between amplification by
FISH and quantitative real-time PCR. Similarly, there was
concordance between gene copy number and protein
expression in �55.0% of the tumor samples analyzed: 52
CRC samples (16.7%) showed UBE2C amplification and

rameters in CRC

E2C, no. (%) Low UBE2C, no. (%) P value

1 (45.9) 190 (54.1)

4 (47.0) 61 (53.0) 0.7754
7 (45.3) 129 (54.7)

8 (45.9) 92 (54.1) 0.9961
3 (45.9) 98 (54.1)

0 (48.0) 152 (52.0) 0.0801
1 (35.6) 38 (64.4)

5 (47.5) 160 (52.5) 0.1024
6 (34.8) 30 (65.2)

3 (52.3) 21 (47.7) 0.3240
4 (39.3) 68 (60.7)
8 (49.6) 69 (50.4)
9 (46.3) 22 (53.7)

9 (33.3) 18 (66.7) 0.3523
4 (47.5) 137 (52.5)
8 (44.4) 35 (55.6)

6 (49.3) 140 (50.7) 0.0161
1 (32.8) 43 (67.2)

9 (50.0) 149 (50.0) 0.0022
1 (25.6) 32 (74.4)

1 (48.1) 152 (51.9) 0.0541
6 (33.3) 32 (66.7)
52.9 70.5 0.0267
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(38.4%) showed normal UBE2C copy number and low
protein expression status. As indicated in Table 2,
UBE2C amplification was associated with histologic sub-
type of adenocarcinomas (P � 0.0181) and presence of
distant metastasis (pM1; P � 0.0487). UBE2C IHC ex-
pression was associated with cyclin A (P � 0.0161) and
cyclin B1 (P � 0.0022; Figure 2), and a trend of high
UBE2C expression was seen in CRC from the descend-
ing colon (P � 0.0801). UBE2C expression was not as-
sociated with patient age, patient sex, tumor histologic
type, tumor grade, and AJCC stage (Table 1).

UBE2C Alteration and Its Association with
Clinicopathologic Parameters

Because UBE2C amplifications were seen to commonly
overlap with UBE2C protein expression, we have combined
these two groups to study the associations of UBE2C alter-
ations with clinicopathologic features. A CRC case was
defined to have a UBE2C alteration if it had UBE2C gene
amplification by FISH and/or UBE2C protein overexpression
by IHC. Data for both UBE2C expression by IHC and
UBE2C gene copy number by FISH were available in 317
cases, and the incidence of UBE2C alteration was 61.5%
(195/317). As indicated in Table 3, UBE2C alterations were
directly associated with expression of key cell cycle regu-

Table 2. Correlation of UBE2C Copy Number with Clinicopathol

Total no. (%) A

Total no. of cases 371
Age

�50 years 130 (35.0)
�50 years 241 (65.0)

Sex
Male 176 (47.4)
Female 195 (52.6)

Tumor site
Descending colon 309 (83.3)
Ascending colon 62 (16.7)

Histologic type
Adenocarcinoma 315 (84.9)
Mucinous carcinoma 56 (15.1)

Tumor stage
I 55 (15.6)
II 116
III 135 (38.4)
IV 46 (13.1)

Differentiation
Well 32 (8.6)
Moderate 266 (71.7)
Poor 73 (19.7)

Cyclin A†

High expression 273 (81.0)
Low expression 64 (19.0)

Cyclin B1†

High expression 290 (85.5)
Low expression 49 (14.5)

Ki-67†

High expression 297 (85.3)
Low expression 51 (14.7)
5-year overall survival, %

*UBE2C amplified: tissue samples were classified with a UBE2C cent
and of �2.0 as amplified.

†Analysis failure of some IHC markers was attributed to missing or no
latory proteins: cyclin A (P � 0.0175), cyclin B1 (P �
0.0026), and proliferative marker Ki-67 (P � 0.0023). Al-
though no association was seen with UBE2C alterations and
patient age (P � 0.6187), patient sex (P � 0.6893), tumor
site (P � 0.3263), and tumor differentiation (P � 0.2979), we
observed a significant association with histologic subtype of
adenocarcinomas (P � 0.0122).

Prognostic Significance of UBE2C in CRC

CRC with UBE2C expression also showed a poor 5-year
overall survival of 52.9% compared with 70.5% with low
UBE2C expression (P � 0.0267; Figure 3A). Similarly, the
CRC subset with UBE2C alterations (UBE2C protein ex-
pression or UBE2C amplification) showed a significantly
poor overall survival of 59.7% compared with 75.2% in CRC
tumors with no UBE2C alterations (P � 0.0348; Figure 3B).
However, UBE2C gene amplification did not show any prog-
nostic significance (P � 0.4190). In a multivariate analysis
with patient age, patient sex, AJCC stage, tumor grade, and
microsatellite instability status, both UBE2C expression and
UBE2C alterations failed to remain significant and thus were
not independent prognostic markers. We further investi-
gated the prognostic significance of UBE2C expression in
the CRC subgroup with early-stage (I and II; Figure 3C) and
late-stage (III and IV; Figure 3D) disease. Although UBE2C
IHC expression was not significant in the stage III and IV

rameters in CRC

ed, no (%)* Nonamplified, no. (%) P value

(30.7) 257 (69.3)

(30.8) 90 (69.2) 0.9899
(30.7) 167 (69.3)

(28.4) 126 (71.6) 0.3573
(32.8) 131 (67.2)

(31.4) 212 (68.6) 0.5326
(27.4) 45 (72.6)

(33.0) 211 (67.0) 0.0181
(17.9) 46 (82.1)

(36.4) 35 (63.6) 0.0838
(24.0) 88 (76.0)
(29.6) 95 (70.4)
(43.5) 26 (56.5)

(34.4) 21 (65.6) 0.5864
(3.6) 182 (68.4)
(26.0) 54 (74.0)

(32.6) 184 (67.4) 0.2299
(25.0) 48 (75.0)

(33.8) 195 (66.2) 0.0037
(14.3) 42 (85.7)

(34.0) 196 (66.0) 0.0152
(17.6) 42 (82.4)

65.2 70.9 0.4190

20 ratio of 1.0 as normal, between 1.0 and 2.0 as having UBE2C gains,

entative spots.
ogic Pa

mplifi

114

40
74

50
64

97
17

104
10

20
28
40
20

11
84
19

89
16

98
7

101
9

romere
subgroup (P � 0.4892), patients with stage I and II CRC



2114 Bavi et al
AJP May 2011, Vol. 178, No. 5
overexpression of UBE2C (n � 89) had a reduced overall
survival of 83.2% at 5 years compared with 89.3% in those
with reduced UBE2C expression (n � 67; P � 0.0254). In a
multivariate analysis with patient age, patient rex, tumor
grade, and microsatellite instability status in the stage I and
II subgroup, the relative risk was 3.67 for UBE2C overex-
pression (95% CI, 1.15 to 14.03; Table 4) Thus, UBE2C
expression was an independent prognostic marker in early-
stage (I and II) CRC in Middle Eastern patients. To avoid
bias because of some patients with stage II disease receiv-
ing adjuvant therapy, we reanalyzed this cohort by stratify-
ing the stage I and II cases according to treatment modal-
ities. Of these 156 stage I and II cases, some form of
adjuvant therapy was given in 52 patients (33.3%), only
surgical resection was performed in 74 patients (47.4%),
and treatment details were unknown in 30 patients (19.2%).
In the CRC subgroup of patients with stage I and II disease
treated only by surgical resection alone, overexpression of
UBE2C had a reduced overall survival of 88.1% at 5 years
compared with 100% with reduced UBE2C expression (P �
0.0618). Thus, UBE2C overexpression retained its prognostic
significance (a statistical trend was noted) in this small cohort

Figure 2. TMA-based IHC analysis of UBE2C, cyclin A, and cyclin B1 in CRC
patients. A CRC array spot showing overexpression of UBE2C (A), cyclin A
(C), and cyclin B1 (E). In contrast, another CRC tissue array spot showing low
expression of UBE2C (B), cyclin A (D), and cyclin B1 (F) (20�/0.70 objective
on an Olympus BX 51 microscope; Olympus America Inc, Center Valley, PA;
with the inset showing a 40�/0.85 aperture magnified view of the same).
of 74 patients (data not shown).
Suppression of the UBE2C Synthesis Inhibits
CRC Cell Growth

We sought to determine whether UBE2C overexpres-
sion had a role in the process of CRC carcinogenesis.
We analyzed a panel of CRC cell lines for the expres-
sion of UBE2C by immunoblotting. As shown in
Figure 4A, an appreciable level of UBE2C expression
was seen in most of CRC cell lines, with Colo-320
expressing a high level of UBE2C. Next, we examined
the expression of UBE2C, cyclin A, and cyclin B1 after
transfection with UBE2C-specific siRNA. Colo-320
cells were transfected with either scrambled or UBE2C
siRNA as described earlier.31 As shown in Figure 4B,
after transfection of UBE2C siRNA, we observed an
efficient knockdown of the UBE2C protein. In addition,
knockdown of UBE2C in CRC cells accumulated cyclin
A and cyclin B1. We further analyzed the growth rate of
Colo-320 in the presence and absence of UBE2C
siRNA. Our data showed that growth of Colo-320 cells
was significantly reduced in cells treated with UBE2C
siRNA compared with scrambled control siRNA (Figure
4C). Finally, we examined whether siRNA knockdown
of UBE2C induced apoptosis in CRC cells. As shown in
Figure 4D (upper panel), there was an increase in the
subG1/Apo fraction of cells in Colo-320 cells trans-
fected with UBE2C siRNA compared with scrambled
siRNA. When these cells were stained by annexin V/PI
and analyzed by flow cytometry, apoptosis was con-
firmed, with an increase in population of cells in the
right upper quadrant depicting apoptotic cells (Figure
4D, lower panel). These data demonstrate that UBE2C
play an important role in the CRC cell viability.

Bortezomib Mediated Accumulation of Cyclin A
and Cyclin B1 via Degradation of UBE2C in
Vitro and in Vivo

It has been shown that treatment of UBE2C-overex-
pressing esophageal adenocarcinoma cells with pro-
teasome inhibitor showed a significant decrease in cell
proliferation.10 Furthermore, depletion of UBE2C re-
sulted in accumulation of cyclin A and B1.32 We, there-
fore, sought to determine whether treatment of CRC
cells with bortezomib modulates the accumulation of
cyclins in CRC cells. Colo-320 cells were treated with
bortezomib, 50 nmol/L and 100 nmol/L, for 48 hours.
Cells were lysed and proteins were separated on SDS–
polyacrylamide gel electrophoresis (PAGE) and immu-
noblotted with UBE2C, cyclin A, cyclin B1, and �-actin
antibodies as indicated. Treatment of Colo-320 cells at
a concentration of 100 nmol/L bortezomib down-regu-
lated the expression of UBE2C at the protein and the
mRNA levels (Figure 5A; see Supplemental Figure S2
at http://ajp.amjpathol.org), consequently leading to
stabilization/up-regulation of cyclin A and cyclin B1. To
assess whether up-regulation of cyclin B1 and cyclin A
is dose dependent or time dependent, we first treated
Colo-320 cells with various doses of bortezomib for 48

hours and assessed the expression of cyclin B1 and

http://ajp.amjpathol.org
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cyclin A by immunoblotting. As shown in Figure 5B,
there was a dose-dependent increase in expression of
cyclin B1 and cyclin A after treatment with bortezomib.
In addition, we also found that cyclin B1 and cyclin A
up-regulation was time dependent (Figure 5C). These
data were further confirmed using another proteasome
inhibitor, MG-132, that showed down-regulation of
UBE2C, consequently leading to up-regulation of cy-
clin B1 and cyclin A in CRC (Figure 5D). In addition,
MG-132 also inhibited cell viability in these cells (data
not shown). These results suggest that MG-132 has
similar effects as bortezomib in CRC cells.

Down-Regulation of UBE2C Sensitizes CRC
Cells to Bortezomib- and Oxaliplatin-Induced
Apoptosis

We have shown that down-regulation of UBE2C after
transfection with specific siRNA (100 nmol/L) leads to
apoptosis; however, we were also interested to see
whether suppression of UBE2C expression with lower
doses of siRNA could sensitize CRC cells to bortezomib-
or oxaliplatin-induced apoptosis. For these reasons, we
transfected Colo-320 cells with either scrambled siRNA
(50 nmol/L) or siRNA targeted against UBE2C (50 nmol/L)

Table 3. Correlation of UBE2C Alteration with Clinicopathologic

Total no. (%)
UB

Total no. of cases 317
Age

�50 years 109 (34.4)
�50 years 208 (65.6)

Sex
Male 150 (47.3)
Female 167 (52.7)

Tumor site
Descending colon 263 (83.0)
Ascending colon 54 (17.0)

Histologic type
Adenocarcinoma 272 (85.8)
Mucinous carcinoma 45 (14.2)

Tumor stage
I 39 (13.0)
II 99 (33.0)
III 125 (41.7)
IV 37 (12.3)

Differentiation
Well 25 (7.9)
Moderate 231 (72.9)
Poor 61 (19.2)

Cyclin A†

�5 252 (82.1)
�5 55 (17.9)

Cyclin B1†

�5 270 (87.7)
�5 38 (12.3)

Ki-67†

�50 266 (85.8)
�50 44 (14.2)
5-Year overall survival

*UBE2C alterations: presence of either protein overexpression and/or
†Analysis failure of some IHC markers was attributed to missing or no
for 48 hours. After transfection, Colo-320 cells were
treated with either 25 nmol/L bortezomib or 500 nmol/L
oxaliplatin for 48 hours and cells were analyzed by flow
cytometry for apoptosis. As shown in Supplemental Fig-
ure S3A (available at http://ajp.amjpathol.org), there was
an increase in SubG1/Apo population of cells that were
transfected with siRNA against UBE2C followed by treat-
ment with either bortezomib or oxaliplatin compared with
cells that were mock transfected with scrambled siRNA.
These data were further confirmed by annexin V/PI dual
staining that showed an increase in apoptotic cells as
depicted by cells in the upper right quadrant in UBE2C
siRNA transfected cells after treatment with either bort-
ezomib or oxaliplatin (see Supplemental Figure S3B
at http://ajp.amjpathol.org). These results suggest that
UBE2C plays an important role in prevention of bort-
ezomib- and oxaliplatin-induced apoptosis in CRC cells.

In Vivo Experiments Confirm Role of UBE2C in
CRC Pathogenesis

We have previously shown that bortezomib significantly
inhibits tumor volume and weight in CRC xenografts at 1
mg/kg.19 Because our in vitro data showed that bort-
ezomib treatment down-regulated UBE2C and subse-
quently induced the expression of cyclin A and cyclin B1

eters in CRC

lterations,
(%)*

No UBE2C alterations,
no. (%) P value

61.5) 122 (38.5)

59.6) 44 (40.4) 0.6187
62.5) 78 (37.5)

62.7) 56 (37.3) 0.6893
60.5) 66 (39.5)

62.7) 98 (37.3) 0.3263
55.6) 24 (44.4)

64.3) 97 (36.7) 0.0122
44.4) 25 (55.6)

64.1) 14 (35.9) 0.1049
52.5) 47 (47.5)
64.8) 44 (35.2)
73.0) 10 (27.0)

52.0) 12 (48.0) 0.2979
64.1) 83 (35.9)
55.7) 27 (44.3)

64.7) 89 (35.3) 0.0175
47.3) 29 (52.7)

64.2) 94 (34.8) 0.0026
39.5) 23 (60.5)

65.4) 92 (34.6) 0.0023
40.9) 26 (59.1)

0.0348

gene amplification in a CRC samples.
entative spots.
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E2C a
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in the Colo-320 cell line, we tested whether proteasome
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inhibition in vivo altered the expression of these proteins.
We therefore analyzed the UBE2C and cyclin levels in
primary tumors derived from vehicle-treated mice and
mice treated with bortezomib using Western blot analysis
and RT-PCR. The level of UBE2C was markedly de-
creased in mice treated with bortezomib at the protein
and mRNA levels compared with vehicle-treated mice
(Figure 6A; see Supplemental Figure S4 at http://ajp.
amjpathol.org). Furthermore, bortezomib treatment also
up-regulated the expression of cyclin A and B mRNA
level in bortezomib-treated Colo-320 xenografts (data not
shown). These data clearly demonstrate that bortezomib
inhibits UBE2C and stabilizes cyclin A and cyclin B1 in
vitro and in vivo both at the transcriptional and transla-
tional levels. Finally, we sought to determine whether
down-regulation of UBE2C by bortezomib treatment sen-
sitized CRC xenografts to chemotherapeutic agents.
Nude mice were inoculated with Colo-320 cells, and then
we divided the animals into four groups: i) oxaliplatin (5
mg/kg), ii) bortezomib (0.5 mg/kg), iii) combination of
oxaliplatin and bortezomib, and iv) 0.9% normal saline
(vehicle) treated twice weekly for 4 weeks. After 4 weeks,
the animals were sacrificed and tumor volume and weight

Table 4. Cox Regression Analysis for Overall Survival in the CRC

Clinical parameters

U

Risk ratio (95%

Age �50 years 1.17 (0.80–1
Male sex 1.10 (0.76–1
Grade 3 tumor (poorly differentiated) 1.41 (0.90–2
MSI-S/L (stable/low) 2.04 (1.14–4
UBE2C overexpression 3.35 (1.13–1
CI, confidence interval; MSI, microsatellite instability status; S/L, stable/low [i
were measured. As shown in Figure 6B, the tumor volume
regressed significantly in animals that were treated with a
combination of subtoxic doses of oxaliplatin and bort-
ezomib and reached statistical significance after 4 weeks
of treatment (P � 0.05). The tumor weight was found to be
significantly decreased in mice treated with a combina-
tion of oxaliplatin and bortezomib compared with the
other groups (P � 0.05) (Figure 6C). In addition, regres-
sion of xenograft tumor size was seen after necropsy,
which clearly indicated that the combination of oxaliplatin
and bortezomib resulted in significant shrinkage of tu-
mors size compared with the other groups (Figure 6D).

Discussion

UBE2C is a cell cycle–related protein involved in mitosis
completion via cyclins and proteasome pathways.33 In
the present study, dysregulation of UBE2C was investi-
gated at the gene copy number, protein, and transcrip-
tional RNA expression level in CRC, and we investigated
the clinical utility of UBE2C enzyme as a potential target
for therapy.

Figure 3. Prognostic significance of UBE2C in
CRC and Kaplan-Meier survival analysis. A: CRC
patients with overexpression of UBE2C had a
reduced overall survival of 52.9% at 5 years com-
pared with 70.5% with reduced UBE2C expres-
sion (n � 190; P � 0.0267). B: CRC patients
showing UBE2C alterations showed a reduced
overall survival of 59.7% compared with 75.2%
CRC tumors with no UBE2C alterations (P �
0.0348). C: In the group with early-stage (I and
II) disease, CRC patients with overexpression of
UBE2C (n � 89) had a reduced overall survival
of 83.2% at 5 years compared with 89.3% with
reduced UBE2C expression (n � 67; P �
0.0254). D: UBE2C expression was not associ-
ated with any difference in overall survival (P �
0.4892) in the CRC subgroup with advanced-
stage (III and IV) disease.

t with Stage I and II Tumors

te Multivariate

P value Risk ratio (95% CI) P value

0.4306 1.37 (0.36–6.62) 0.6550
0.6084 1.32 (0.41–4.47) 0.6379
0.1307 0.78 (0.04–4.77) 0.8199
0.0149 2.78 (0.51–52.0) 0.2770
0.0291 3.67 (1.15–14.03) 0.0276
Subse

nivaria

CI)

.74)

.59)

.14)

.05)
1.1)
e, not MSI-H (high)].
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UBE2C dysregulation was seen in a large percentage
of CRCs (in 45.9% at the protein level and 30.7% at the
gene copy number), and UBE2C alteration was seen in
61.5% of the CRC cases. Both UBE2C protein expression
and UBE2C gene amplification occur relatively early in
the progression from adenoma to carcinoma, with signif-
icantly higher expression levels of UBE2C protein and
UBE2C gene copy number in adenoma compared with
normal mucosa. This is in agreement with earlier studies
in which UBE2C expression was significantly higher in a
wide variety of cancer from colon, esophagus, ovary,

Figure 5. Bortezomib mediated accumulation of cyclin A and cyclin B1 via
expression of UBE2C protein and increased levels of cyclin A and cyclin B.
48 hours. After cell lysis, equal amounts of proteins were separated by SD
against UBE2C, cyclin A, cyclin B, and �-actin as indicated. Bortezomib t
time-dependent (C) manner. Colo-320 cells were either treated with various d
periods. Proteins were isolated and immunoblotted with antibodies against c

MG-132 for 48 hours. Cells were harvested and proteins were separated on SDS-PA
and �-actin. One of three independent experiments is depicted in the Figure.
breast, and lung compared with their healthy counter-
parts.12,16 Lin et al10 demonstrated a higher expression
of UBE2C at the protein and mRNA levels in esophageal
carcinoma and dysplastic lesions compared with meta-
plastic lesions. In concordance with earlier studies,
UBE2C gene amplification was associated with distant
metastasis (pM1),15 and UBE2C alteration was signifi-
cantly associated with Ki-67 (a proliferative marker), ac-
cumulation of cyclin A and B1, and a poor overall sur-
vival.16 UBE2C expression was associated with a poor
overall survival in all CRC patients, and, interestingly, in

ure 4. UBE2C expression in human CRC cell lines. A: HCT-15, HCT-116,
29, Colo-320, and SW-480 cell lines were lysed and Western blot analysis was
formed using UBE2C, and �-actin was used as the loading control (upper
el). Spot densitometry analysis of UBE2C band was performed with the �
ger software (San Leandro, CA). The data of each UBE2C band were normal-
with �-actin (lower panel). B: Effect of UBE2C siRNA on cyclin A and cyclin

accumulation. After transfection of UBE2C si-RNA for 48 hours, cells were
d and immunoblotted with antibodies against UBE2C, cyclin A, cyclin B, and
ctin. C: Depletion of UBE2C protein synthesis by UBE2C siRNA inhibits cell
liferation of CRC cells. Colo-320 cell were transfected either with UBE2C
cific or scrambled siRNA, and cell proliferation was determined by the MTT
y. The reduction of cell proliferation in Colo-320 cells treated with siRNA
inst UBE2C demonstrated a maximal decrease in 24 hours and 48 hours
pared with control cells. D: Down-regulation of UBE2C expression by siRNA

uces apoptosis in CRC cells. Colo-320 cells were transfected with either
mbled siRNA or siRNA targeted against UBE2C for 48 hours, and cells were
er stained with PI and cell cycle was determined by FACS analysis (upper
el) or stained with annexin V/PI and apoptosis was assessed by flow
metry (lower panel).

tion of UBE2C in vitro and in vivo. A: Bortezomib treatment down-regulated
0 cells were treated with and without 50 and 100 nmol/L of bortezomib for
, transferred to immobilon membrane, and immunoblotted with antibodies
t causes up-regulation of cyclins B1 and A in a dose-dependent (B) and
bortezomib for 48 hours or treated with 100 nmol/L bortezomib for indicated
1, cyclin A, and �-actin. D: Colo-320 cells were treated with 1 and 5 �mol/L
Fig
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the early-stage CRC subgroup, UBE2C expression was
an independent prognostic marker. Thus, these findings
show the potential of targeting UBE2C enzyme in early-
stage CRC and in preneoplastic adenomatous lesions.

We performed various in vitro and in vivo assays to
demonstrate the oncogenic role of UBE2C and the effect
of modulating UBE2C expression by gene silencing and
with the proteasome inhibitor bortezomib. The function of
the UBE2C gene product is closely linked to cell cycle
progression and the destruction of mitotic cyclins. Rape
et al32,34 showed that the decision between cyclin A
degradation and anaphase-promoting complex inactiva-
tion is determined by UBE2C availability. Our study dem-
onstrated that siRNA-mediated suppression of UBE2C
expression inhibited the growth rate of CRC cells with
accumulation of cyclins A and B1, which was consistent
with earlier reports.13,16 Interestingly, we found that
down-regulation of UBE2C expression caused inhibition
of cell viability by arresting cells in the G2/M phase fol-
lowed by induction of apoptosis in CRC cells. UBE2C
expression in CRC cell lines was found to be inversely
associated with cyclin A and B1 in concordance with the
mechanistic model of UBE2C function. However, in the
CRC TMA cohort, UBE2C expression showed a paradox-
ical direct association with cyclin A/B1. Although we do
not fully understand this mechanism, we hypothesize that
IHC analysis is probably sensitive enough to detect
UBE2C only when it accumulates to specific threshold
just before the G2/M phase, where the expression of
cyclin A and B1 is also high. This subset of CRC cells is
a snapshot of a evolving cell cycle event and represents
the fraction of tumor cell population, which if followed in

vivo would result in degradation of cyclin A/B1. Similar
paradoxical direct associations between UBE2C and cy-
clin B1 have been reported in lymphomas.33

Although no specific UBE2C inhibitors are currently
available for clinical use, Lin et al10 have shown that
treatment of esophageal adenocarcinoma cells with MG-
262, a proteasome inhibitor, caused a significant down-
regulation of UBE2C accompanied by inhibition in cell
proliferation and accumulation of cyclin A and B1. We
have recently shown that bortezomib, another protea-
some inhibitor, suppressed the growth and reduced cell
viability in a number of cancer cells both in vitro and in
vivo.19–21 Our data clearly demonstrate that bortezomib
treatment of CRC cells caused down-regulation of
UBE2C, leading to accumulation of cyclin A and cyclin
B1. Similarly, bortezomib treatment of CRC cell xeno-
grafts in mice inhibited UBE2C with bortezomib and sta-
bilized cyclin A and B1. These findings are in agreement
with an earlier study in which esophageal adenocarci-
noma cells strongly expressing UbcH10 were highly sen-
sitive to treatment with the proteasome inhibitor MG-
262.10 Results of previous bortezomib clinical trials either
alone or in combination (oxaliplatin, leucovorin, and 5-flu-
orouracil with fluorouracil/leucovorin or irinotecan) in the
setting of advanced CRC are not encouraging.35–37 How-
ever, using bortezomib in combination with other biolog-
ical agents through an understanding of its effects on
different signaling pathways may prove more fruitful.22,38

Our current study highlights the importance of using bort-
ezomib to target a subgroup of CRC with aberrant
UBE2C activity that lead to dysregulation of tumor
growth, and this subset of patients may show positive
response to bortezomib treatment. It would be interesting

Figure 6. A: Whole cell homogenates of indi-
vidual tumor from bortezomib- and vehicle-
treated mice were prepared, and Western blot
analyses were performed using UBE2C, cyclin A,
cyclin B1, and �-actin antibodies as indicated.
Combination of oxaliplatin and bortezomib treat-
ment causes regression of tumor volume and
weight in Colo-320 xenografts. Colo-320 xeno-
grafts were treated with either oxaliplatin (5 mg/
kg) or bortezomib (0.5 mg/kg) alone or a com-
bination of oxaliplatin and bortezomib for 4
weeks. B: The tumor volume was measured
weekly and plotted as a graph. *P � 0.05 (statis-
tically significant). C: After 4 weeks treatment,
the mice were sacrificed and the tumor weight
was measured and plotted as a bar graph. *P �
0.05 (statistically significant). D: Representative
tumor images of postnecropsy mice treated with
vehicle, oxaliplatin, bortezomib, and a combina-
tion of oxaliplatin and bortezomib. Overlay im-
ages, �10 magnification.
to do a detailed comprehensive molecular characteriza-
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tion of the CRC tumors that responded and failed to
respond to bortezomib in the earlier trials.

Altogether our results establish UBE2C as a key mol-
ecule in colorectal carcinogenesis and identify a sub-
group of CRC patients with high UBE2C alterations show-
ing a poor overall survival. We have also shown for the
first time, to our knowledge, the efficacy of bortezomib in
inhibiting UBE2C expression at the protein and mRNA
levels and stabilization of cyclin A and B1. In addition, our
animal xenograft study showed that there was a statisti-
cally significant synergistic regression of tumor volume
and weight in mice treated with a combination of subtoxic
doses of bortezomib and oxaliplatin. These studies may
have important implications for future preclinical and clin-
ical studies aimed at determining the usefulness of a
novel strategy for treating CRC with inhibitors of protea-
some pathways, either alone or in combination with other
agents.
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